Abstract On Aferdou El Mrakib, a large reef mound in the Maïder region (Anti-Atlas, Morocco), thick-shelled gypidulids of two genera are locally very abundant. Like Stringocephalus in the shallow water limestone formations in Germany, these Moroccan brachiopods of the genera Devonogypa and Ivdelinia often display greenish shells. By analysing these shells by EDX, it turned out that the colour was possibly caused by impurities of Fe 2? -ions. The concentration varies, indicating that the colour is less dependent on the concentration than on shell thickness, because only the thickest parts of the shells appear green and thin-shelled forms never display the green colour. There is also some indication that the Fe content increases towards deeper shell layers (further away from the surface). In addition, we examined the quality and spatial distribution of sublethal injuries in over 200 specimens of Devonogypa and Ivdelinia. Shape, spatial distribution on the shells, and abundance of the sublethal injuries support the hypotheses that (1) the injuries had several causes, (2) some of these were inflicted by predators, probably cephalopods, and (3) many fractures and deformations might have been caused by the brachiopod shells hitting each other in dense populations in agitated water. The existence of dense clusters, built by the association of members of both genera or of only one taxon, is corroborated by the patchy occurrence of these brachiopods.
Introduction
The Devonian succession of sedimentary rocks in Morocco has become famous in the past century mainly for its richness in fossils but also for its remarkably well-exposed carbonate build-ups (e.g., Roch 1934; Massa et al. 1965; Hollard 1974; Töneböhn 1991; Brachert et al. 1992; Wendt 1993; Belka 1994 Belka , 1998 Kaufmann 1997 Kaufmann , 1998 Kaufmann et al. 1999; Bultynck and Walliser 2000; Aitken et al. 2002; Cavalazzi et al. 2007; Berkowski and Klug 2012) . One of these, Aferdou El Mrakib, is a conspicuous structure in the Maïder region in the eastern Anti-Atlas, about 70 km SW of Rissani (Fig. 1 ). It is a reef mound of early Givetian age, which measures ca. 900 m in diameter and ca. 100-130 m in elevation above the underlying strata and hence is the largest carbonate build-up in the Maïder Basin (Wendt 1993; Kaufmann 1996 Kaufmann , 1997 Kaufmann , 1998 . Its geometry is almost circular in outline with a truncated cone-shape (Kaufmann 1997 (Kaufmann , 1998 ).
This reef mound contains the most diverse fauna among the carbonate build-ups in the Maïder (Kaufmann 1998) . In addition to the usual Devonian reef fauna, the two large gypidulid brachiopods Ivdelinia pulchra Franchi et al. Fig. 1 Map showing the localisation of the reef mound Aferdou El Mrakib and other carbonate build-ups in the Maïder (modified after Klug 2002) (2012) and Devonogypa sp. are particularly abundant in the sediments of this mountain (Fig. 2) . Their greenish shell colour and patchy mass occurrences have already attracted the attention of some palaeontologists (e.g., Franchi et al. 2012 ; Z. Belka, Posnan, and A. T. Halamski, Warszawa are currently preparing comprehensive papers on Aferdou El Mrakib and its brachiopod fauna).
Although mentioned by Kaufmann (1998) , the mass occurrences of the two rather large gypidulids Ivdelinia pulchra (40 9 45 mm) and Devonogypa sp. (70 9 77 mm) had not been studied in detail until recently. In a first study, Franchi et al. (2012) described a new species of Ivdelinia based on material from the Aferdou El Mrakib. In addition, the entire brachiopod fauna of this reef mound is still a present work subject of different authors. It will also be the subject of a project, which has much broader scope, dealing with several sedimentological and palaeontological aspects of this prominent geological feature. Nevertheless, the peculiar taphonomy of these thick-shelled brachiopods, especially the origin of the green colour of their shells, has not been assessed before (compare Klug et al. 2009 ). In addition, palaeoecological aspects of these mass occurrences of gypidulids were also never examined in detail. In this study, we discuss the injuries that left traces in most of the shells we have collected. Sublethal injuries and other shell deformities in brachiopods have repeatedly been described by various authors (some Palaeozoic examples : Brunton 1966; Elliott and Bounds 1987; Elliott and Brew 1988; Bordeaux and Brett 1990; Brett and Walker 2002; Balinski 1993; Balinski and Biernat 2003) . As in molluscs, it is difficult to find evidence for the cause of these injuries, which are also discussed.
Therefore, the aims of this study were (1) to examine the preservation of these large, thick-shelled gypidulid brachiopods, and (2) to document and evaluate, both statistically and qualitatively, the sublethal injuries found in these brachiopods. These results might help to answer the question whether their mass occurrences are caused by taphonomic shell accumulations or whether they represent more or less autochthonous accumulations of the two species.
Material
The material contains specimens belonging mainly to the two brachiopods Ivdelinia pulchra (Fig. 3) and Devonogypa sp. (Fig. 4) , which attained large sizes on the reef mound Aferdou El Mrakib. In addition, the accompanying fauna was sampled, which is present throughout the mound and which contains various species of other brachiopods, trilobites (in association with the gypidulids, phacopids and scutellids are the most common groups), crinoids, gastropods, corals, stromatopores, bryozoans, and cephalopods.
In order to draw conclusions on the taphonomy of these two gypidulids, we also examined the thick-shelled brachiopod Stringocephalus from Germany, which apparently underwent a similar kind of taphonomy (as reflected in local occurrence of greenish shells) and which had habitat preferences similar to those of Ivdelinia and Devonogypa, i.e. shallow, agitated water and a reef or reef-like environment.
Institutional abbreviation-PIMUZ, Paläontologisches Institut und Museum, University of Zurich, Switzerland .
Methods
Geochemical analyses of the shells of Ivdelinia pulchra and Devonogypa sp. from Aferdou El Mrakib (Morocco) and of Stringocephalus sp. from Warstein (Germany) were performed (Tables 1, 2 , online material) with a Jeol JSM-6060 scanning electron microscope (SEM) equipped with Bruker Quantax EDX detector, having an energy resolution of 126 eV in the Institute of Inorganic Chemistry of the University of Zurich. Element concentrations were determined with the help of the Bruker Esprit 2.1 software. The principles of the ''standard free'' determination of elements by EDX are described in Eggert (2005) . For preservation of the samples, these were not coated but wrapped in aluminium foil exhibiting small windows for the measurements. In addition, braided copper wires grounded the samples, preventing static electricity build-up. The concentration of the elements Cu and Al may be biased by the fact that they were used as foils wrapped around the samples to make them sufficiently conductive for the SEM analysis. The findings for both elements are not discussed for this reason.
Many of the brachiopod shells display injuries. Remarkably, the majority of injuries were found on the ventral valve (an exception is visible in Fig. 4 : 1d, e, on the right). We think that this might have been caused partially by the fact that the ventral valve has a much larger surface area and by the fact that the dorsal valve pointed more or less upward syn vivo and was thus more protected. In order to enhance contrasts and make the injuries better visible, the ventral valves of all specimens were first whitened by NH 4 Cl and then photographed approximately in the same position. Second, these images and the actual specimens were examined for healed injuries. Third, the angular distance of all injuries from the plane of symmetry of the specimens was measured ( Fig. 5 ; Table 2 ). We measured the angle with a thin plastic foil, which displays lines arranged radially, separated by an angle of 10°each. This sheet was wrapped around the injured specimens to measure the angular distance of the injuries from the plane of symmetry. The point where all the lines meet was put on the umbo with the lines diverging away from the umbo. We used this foil because if the angle is measured from a photo in 2D, this causes an artificial accumulation of injuries, where the shell is strongly vaulted. In addition, on images, not all injuries are easily detectable.
The injuries were also classified according to their size and shape. We distinguished several different kinds of injuries; they vary between less than 1 mm to several centimetres in size ( Fig. 6 The smallest injuries are the types 2-5, which measure less than 4 mm in diameter. By contrast, the radial traces and transverse shell fractures may reach lengths of 30-40 mm. Devonogypa sometimes display very broad ribs, which probably are also caused by injuries early in ontogeny.
There are two possible biases in this analysis: (1) some of the injuries were quite broad; in such cases, we measured at the centre of the injury. It might occur, however, that the injury is not well visible on one side and in such case, the angle might be inaccurate. We consider this error as not very important. (2) At least in Ivdelinia, the stronger differentiation between sulcus and fold has some effect by protecting the middle part, reducing the abundance of injuries near the middle by its shape, at least in the ventral valve.
Geological setting
Aferdou El Mrakib is the largest reef mound in the Maïder Basin (Fig. 1) . It is of Givetian age (Kaufmann 1996 (Kaufmann , 1997 and was first described by Hollard (1974) and later again by Wendt (1993) . The main kinds of rocks in this carbonate build-up are boundstone, wackestone, packstone, and floatstone. The base of the Givetian is marked by a 2 m thick coral-stromatoporoid boundstone, which directly underlies the reef mound and probably served as a pioneer stage in the mound development (Kaufmann 1998) . The sediments of Aferdou El Mrakib consist of crinoidal grainstone, trilobite wackestone, poorly fossiliferous mudstone, brachiopod lenses, and mound debris deposits, sometimes with several metre large olistoliths. Many of these deposits have been affected by erosion. For instance, the lateral transition of the mound debris facies to the coeval off-mound facies is not preserved (Kaufmann 1998) .
About 100-130 m of the original height of the reef mound is preserved. Its largest diameter is 900 m, which apparently represents its largest original diameter. Even though remains of large potential frame builders such as Heliolites sp. (up to [1 m in diameter; Fig. 7 ) occur and while these reef organisms are locally abundant on the reef mound, these organisms never formed a true frame on Aferdou El Mrakib (Kaufmann 1998; Franchi et al. 2012 ), at least not in the preserved part. The mound grew concentrically, expanding both laterally and vertically, but it was also affected by erosion (Kaufmann 1998) . Although a valley is deeply incised into the reef mound, it does not exhibit its internal structure entirely and much of the central part is dolomitized. In the dolomitized parts, the fossils, and sedimentary structures were more or less obliterated (Kaufmann 1998) , but relics of some larger fossils such as large corals or brachiopods are still visible where dolomitization was less intense. According to Kaufmann (1998) , the mound debris facies is only preserved on the northern and western flanks. He also stated that some small-scale fissures and neptunian dykes occur throughout the Aferdou El Mrakib. The brachiopod lenses described by Kaufmann (1998) are composed mainly of the two large gypidulid genera Ivdelinia and Devonogypa. As already mentioned by Franchi et al. (2012) , the occurrence of these two genera is rather patchy. Sometimes, they occur in single specimens (e.g., in the mound debris facies), sometimes in small clusters of a few to some tens of specimens, and in some places, especially on the northwestern flank of the build-up, they occur in large masses (thousands of specimens) in layers some tens of centimetres up to several metres in thickness (Fig. 2) .
In some spots, only one of the two species occurs and sometimes they occur together. The co-occurrences of these two gypidulids (Franchi et al. 2012) show that they shared several palaeoecological requirements to some degree (water depth, elevated habitat, etc.), probably also with Stringocephalus (compare, e.g., Boucot et al. 1966; Balinski 1971) . Fig. 3 Ivdelinia pulchra from the Givetian mound facies of the northwestern flank of Aferdou El Mrakib, Maïder, Morocco. Arrows mark sublethal injuries. All specimens 9 1, coated with NH 4 Cl. 1 PIMUZ 30037; 2 PIMUZ 30018; 3 PIMUZ 30164 Several other species of brachiopods co-occur with the gypidulids, which are less abundant than the two gypidulids. For instance, the gypidulid mass occurrences rarely contain atrypids, which are very common in the reef debris-facies in the Northeast of Aferdou El Mrakib.
The German material of Stringocephalus used for comparison here comes from the abandoned limestone quarry ' 'Warstein Hauptstraße'' (51.4488°N, 8.35820°E) , where a roughly 80 m thick succession of grey Middle Devonian reef debris limestone (so-called Massenkalk) is exposed.
The outcrop lies near the centre of the Warstein Anticline at the northern margin of the Rhenish Slate Mountains (Rheinisches Schiefergebirge). Reef debris limestones of Givetian age (Clausen and Leuteritz 1984) are exposed in the axis of the anticline, extending for about 6 km in a WSW-ENE direction. The total thickness of this limestone unit is unclear because its base is not exposed; estimations range between 200 and 300 m (Clausen and Leuteritz 1984) . The grey limestone contains remains of stromatoporoids, tabulate and rugose corals, brachiopods (Stringocephalus), and occasionally gastropods.
The entire area of the Warstein Anticline is affected by tectonic deformation, and this is particularly well visible in the Stringocephalus Limestone. Deformation led here to a significant elongation of the brachiopod specimens toward ten times of the length parallel to the cleavage (RichterBernburg 1953; Clausen and Leuteritz 1984) . The shells of the brachiopod specimens are recrystallized into sparry calcite.
Chemical composition of brachiopod shells from the reef mound
In order to understand the origin of the green colour of the gypidulids from the Aferdou El Mrakib reef mound, we measured the element composition of Devonogypa sp. and Ivdelinia pulchra. For comparison, the element compositions of two additional species were also measured, one being a small rhynchonellid from the Moroccan reef mound, which has a greyish shell colour, and one being Stringocephalus sp. from Germany, which is also green, but a slightly darker shade (Fig. 8 ). With these analyses, it was possible to find out whether the shell colour is linked to certain taxa (only gypidulids or also in terebratulids and rhynchonellids) and whether the colour depends on the shell thickness of the specimen or not. In the following, we list the results of the EDX-analyses arranged according to the analysed taxa and specimens.
Stringocephalus
The examined specimen of Stringocephalus sp. from Germany (PIMUZ 30218) is strongly deformed and has a rather dark greenish shell, although the colour varies significantly within the shell from nearly white to green (Fig. 8c ). Within this shell, a high mean concentration of iron was detected (1.87 wt %; Table 1 , online material). Analyses revealed that the composition changes from the surface inwards. Indeed, the elements Fe, Ca, K, Cl, S, Si, Mg, and Na show an increase in concentration, while the contents of Mn, Cu, Al, as well as C and O do not show a significant change. Generally, this difference in composition is almost 1 wt. %.
On the surface (PIMUZ 30218; Objects 304, 305, 309, Fig. 8 ), Fe occurs in amounts as high as 2.16 % (Table 1) , while Mn is almost absent. Inwards (Objects 302, 307, 308) , the values of Fe increase from values of 2.16 wt % to values of 2.68 wt %. The same was found for the Mnvalues, which changed from 0.40 wt % on the surface to 0.55 wt % inside the shell. The clay elements (Al, Cl, K, Si, Ca, O, Fe, Na, Mg, P, S, Mn) increase in their concentration towards the inside by almost 1-2 wt % except Ca, which increases to almost 4 wt %. To the extreme top and bottom of the examined section, the concentrations in Fe and Mn decrease, which is probably linked to the distribution of the greenish shades. On the bottom (Objects 301, 310) of this shell, a pyrite incrustation is observed, where the Fe concentration is much higher.
Devonogypa sp.
Compared to Stringocephalus, the shell of the Moroccan Devonogypa sp. (PIMUZ 30214; Fig. 8f ) has a slightly more yellowish-greenish colour, with a mean Fe concentration (1.1 wt %) being somewhat lower than in Stringocephalus (1.87 wt %).
The large specimen of Devonogypa sp. (PIMUZ 30214) from Aferdou El Mrakib has been analysed from the surface (greenish colour) towards the inner part, where the colour changes (Fig. 8f) . On the surface (Object 1), the analyses indicate a composition rich in clay elements (Ca, O, Cl, K, Na, Si, Fe, Mn, P, S) and in Cu as well as Fe (Table 1) . On the surface of the shell, the most abundant elements are Si and Al (Objects 2, 3, 4; Appendix). A little bit below the surface (Objects 10, 11, 12), the Fe increases to 2.1 wt % and the content of Cl follows the rises even if only for 0.07 % from 1.15 to 1.22 wt %. At least in the inner part of the shells (Objects 13, 14, 15; Appendix), Fe and Mn occur in lower amounts and the clay components are still predominant.
Cl is found in all objects and seems to be an important shell-component of Devonogypa sp. (PIMUZ 30214). Most Fig. 7 Heliolites sp., Givetian, northwestern flank of Aferdou El Mrakib, Morocco. The entire block is part of one large colony, which probably exceeded one metre in diameter probably, the Cl content results from salt formed by the evaporation of sea-water. Moreover, Mn is present in low to moderate amounts; it was measured with 0.22 wt % only in the innermost part of the shell. The distribution of the Fe and Mn content apparently correlates with the colouring of the sample to some extend.
Ivdelinia pulchra
The colour of the shell of Ivdelinia pulchra (PIMUZ 30215 and 30216; Fig. 8g -i) varies from greenish to yellowish to greyish. Generally, the shells of this brachiopod exhibit the lowest measured values in Fe (0.28-0.48 wt %) and Mn (0-0.37 wt %). The mean values of Fe (Table 2 , online material) exceed those of Mn in all examined brachiopods with the exception of one measurement in Ivdelinia pulchra (PIMUZ 30215). This exceptional finding might explain the slightly more yellowish colour of the shell compared to the green shells of Devonogypa sp. and Stringocephalus sp. Ivdelinia pulchra was also analysed from the surface towards the inner part of the shell (Fig. 8g-i) . On the surface (Objects 1, 2, 11, 15) of the thin-shelled Ivdelinia pulchra (PIMUZ 30215), Fe is present but in low amounts. By contrast, all other typical shell and clay components were found (C, O, Ca, Mg, Si, Cl, Al, P, Na, K). Towards the inside of PIMUZ 30215 (Objects 3, 7), Fe becomes slightly more pronounced (0.88-1.42 wt %), but Mn contents remain low (0.13-0.24 wt %). In general, the values for these analyses are low except for the elements composing the shell and those originating from clay minerals. The greenish to yellowish colour area in this specimen is less pronounced compared to Devonogypa sp. and Stringocephalus sp., which coincides with generally low concentrations of Fe.
The second Ivdelinia pulchra (PIMUZ 30216) sample has a slightly thicker shell (1 mm) compared to the other Ivdelinia pulchra specimen (PIMUZ 30215; Fig. 8j -l) and correspondingly shows higher concentrations of Fe and Mn. On the surface (Objects 1, 2, 4, 17), Fe and Mn have moderately high values (Appendix), while the calcite and clay elements are the major constituent of this part of the shell. Inwards (Objects 7, 10, 11, 13, 14, 15; Appendix), the amounts of Fe and Mn increase. Cl is the major component after the calcite-elements (C, O, Ca), which could indicate a high presence of salt in the form of solid incrustations in the shell. Towards the inside of the shell (Objects 8, 9), Fe as well as Mn becomes more important, but the values of Mn remain low. The Cu-artefact is again omnipresent in our analyses and increases slightly from the surface inwards. The thicker shell compared to the other Ivdelinia pulchra could explain the higher values of the shell components (C, O, Ca, Na, Mg, Si, P, S, Cl, K, Mn, and Fe) and the conspicuous change in Fe concentration. Moreover, the shell is coloured more greenish compared to the other more yellowish specimen of Ivdelinia pulchra (PIMUZ 30215).
Undetermined rhynchonellid brachiopod
A 2 cm long undetermined rhynchonellid brachiopod (PI-MUZ 30217; Fig. 8m -o) with a thin greyish shell has been analysed. In this specimen, the concentration of Fe is slightly lower (0.64 wt %) compared to Devonogypa sp.
and much lower when compared to Stringocephalus sp., but it still contains Fe. The main elements composing the surface of the shell (Objects 1, 2, 3 in Fig. 8 ; Appendix) are Ca, Si, and Al. Towards the inner part of the shell, Cl becomes more abundant while Fe increases to 1-2 wt % (Fe) and Mn to 0.3 wt %. The shell of this brachiopod is thin but shows higher concentrations of Fe, Mn, Cu, Ca, K, P, Si, Al, and C than that of Ivdelinia pulchra, but it is greyish (less greenish than Ivdelinia).
Element composition and colouration of the shell
As documented by Hassan (1978) for inorganically formed calcite crystals and later by Klug et al. (2009) for trilobite Fig. 9 Correlation between the Fe concentration in the shell and the green surface-colour on Stringocephalus sp., (Germany), Devonogypa sp., (Morocco), two specimens of Ivdelinia pulchra (Morocco) and the rhynchonellid (Morocco) eye lenses (see also Lee et al. 2007 Lee et al. , 2012 for details of trilobite lens biomineralisation), calcite crystals may become reddish or greenish through impurities of Fe. Even low concentrations of Fe may visibly alter the colour appearance of calcite crystals (see also Kobluk and Mapes 1989) . The question arose, whether the Moroccan gypidulids described herein are also green because of such iron impurities and why, in the same strata, some brachiopods show green shells while others are grey like the sediment matrix.
C, O, and Ca are the most abundant components of the shells, which is not surprising, since they are the main primary components of the brachiopod shells (see, e.g., Brand et al. 2003) . Mg is common as well because of the preservation of significant parts of the primary composition of the low-Mg-calcitic shell. The presence of P is likely due to remains of organic matter. K, Cl, S, Na, and Al (partially biased from the measurement conditions) are clay and salt components, the latter being not directly relevant for the colour. Locally, the analyses indicate high levels of Cl and Na, which are related solid inclusions of salt (NaCl) in the brachiopod shells. This is supported by the fact that such solid inclusions of salt can be formed at low temperatures on the surface and not under the high temperatures like fluid inclusions. It is also conceivable that they represent younger secondary deposits like calcrete (common in arid environments like the study area in Morocco) deposited by the evaporation of salt-bearing groundwater circulating in cracks in the fossils. This would be not so surprising since many caves are present in the reef mound, representing pathways for groundwater and also rainwater.
Thick shells like those of Stringocephalus sp. and Devonogypa sp. exhibit about 1-2 wt % of Fe and 0.5-0.15 wt % of Mn, respectively. By contrast, the thinner shells contain between 0.3 and 0.6 wt % of Fe and between 0.1 and 0.2 wt % of Mn. Mn 2? and Fe 2? -ions originally have a pink and brownish to greenish colour. Among the found elements, Fe 2? is the only element that may cause the characteristic greenish colour of these brachiopods in the low measured concentrations (cf. Hassan 1978) . Fe 2? is common in oceanic as well as in continental crust, in several mollusk shells (Anodonta, Nucula sulcata, etc.; Swinehart and Smith 1979) , but also in the phreatic zone and in hydrothermal sources. A reducing environment (RED) indicating a temporary diminution of sea water oxygenation could also explain the presence of Fe 2? in the brachiopod shells; nevertheless, other indicators for lowoxygen-conditions are missing in the reef mound sediments. A hypothesis to generate anoxic conditions is the decomposition of dead organisms, which may cause a drop in oxygen. For instance, it may lead to the conservation of Growth of the carbonate build-ups in the eastern AntiAtlas has repeatedly been suggested to be caused by hydrothermal activity (Belka 1994 (Belka , 1998 Aitken et al. 2002; Berkowski 2006; Cavalazzi et al. 2007) . As far as the Aferdou El Mrakib reef mound is concerned, hydrothermalism as cause for the mound formation has also been discussed by Kaufmann (1998 O) and these may be precipitated in shells. Some clay minerals such as ferrosaponite are known from calcite crystals and that they form in hydrothermal contexts. There is probably a low lower limit of iron content needed to obtain a greenish colour (Fig. 9) ; a percentage of 1-2 wt % can visibly change the colour of the shell.
In accordance with the findings of Hassan (1978) , the pale greenish colour of the thick-shelled brachiopods both from Morocco and from Germany can be attributed to the presence of Fe 2? ions. These ions mask the pale pink colour expected to occur due to the presence of Mn 2? ions substituting Ca 2? ions in the calcite structure. Moreover, it is known that CO 2 dissolved in sea water can lead to the decomposition of the bicarbonate and to the formation of CaCO 3 , which is deposited as calcite at a pH of 7.8 or more (Hassan 1978 (Hassan 1978) . The Fe 2? is here considered as being bound in a mineral and not directly related to the calcite composition of the shell.
What controls the intensity of the colour? We assessed this question by comparing the amount of Fe with the intensity of the colour and with the distance of the measured Fe from the shell surface (Figs. 9, 10 ). It turned out that even a very low Fe concentration could change the colour in the shells, as mentioned earlier (Fig. 9) , because there is only a moderate correlation between the colour and the Fe content (r = 0.574215, p = 0.0650251). Nevertheless, there appears to be a correlation between the variation of the green colour and the shell thickness, as reflected by the moderate correlations of the distance of the measured surface from the shell surface with the Fe content (Fig. 10) and by the fact that large Devonogypa specimens have a more greyish shell near the commissure opposite of the umbo (where the shell is thin) than on the umbo itself, where the shell may reach a thickness of around 1 cm. We thus conclude that the green colour depends less on the Fe 2? concentration (0.2 wt % is probably already sufficient) than on the shell thickness. Indeed, large specimens of both Ivdelinia pulchra and Devonogypa sp. are greener than smaller specimens (Fig. 8) , which is also supported by the grey colour of the examined rhynchonellid and of the thin shells of co-occurring atrypids.
Sublethal injuries and the palaeoecology of the gypidulids
Sublethal injuries and shell deformations are common in Palaeozoic brachiopods and also in other invertebrates (Signor and Brett 1984; Bambach 1999; Nützel and Frýda 2003; Klug 2007; Klug et al. 2010; Slotta et al. 2011 ). The Devonian is commonly characterised by the explosive radiation of nektonic organisms such as jawed fish and ammonoids. A rapid occupation of the free water column by swimming organisms (mostly predators) occurred at that time (Klug et al. 2010) .
Here, we document healed injuries in the shells of the two brachiopod genera Ivdelinia and Devonogypa (Figs. 3, 4, 6, 10, 11, 12 ) to obtain some information on their palaeoecology. As mentioned in ''Methods'', many different kinds of sublethal injuries have been found. Although it is almost impossible to assign certain types of injuries to distinct predators or other causes, the diversity in healed injuries still sheds some light on the habitat of these brachiopods. As far as possible causes for the injuries are concerned, these might have been failed attacks of (1) vertebrate or (2) invertebrate predators or shell damage Fig. 11 Some specimens of Ivdelinia pulchra with healed sublethal injuries. Givetian mound facies of the northwestern flank of Aferdou El Mrakib, Maïder, Morocco. Arrows mark the injuries. All specimens 9 1, coated with NH 4 Cl. Note that (1) many injuries occur on the flanks, (2) many injuries are small, (3) injuries on both sides are common, (4) might have occurred by (3) shells hitting each other in an environment with moderately strong to strong water movements (e.g., above the wave base) or (4) during gravitational displacement of specimens.
Fossils of vertebrate predators are exceedingly rare on
Aferdou El Mrakib. Kaufmann (1998) mentioned rare finds of isolated minute phoebodontid shark teeth. In addition, brachiopods are not an attractive prey for sharks and most other predators, partially because of the poor soft-tissue/shell-ratio (and in the case of the studied brachiopods, the shell is very thick). Vertebrates cannot be ruled out as causers of some injuries but they probably were responsible for injuries only in very rare cases. 2. As far as invertebrate predators are concerned, cephalopods are worth mentioning. Ammonoid remains are exceedingly rare in the mound sediments while the loosely coiled shells (up to 15 cm shell diameter) of rutoceratids are moderately common. Cephalopods are known to be capable of producing paired fractures with their beaks (Sarycheva 1949; Saunders et al. 1978; Alexander 1986; Elliott and Bounds 1987; Elliott and Brew 1988; Klug 2007 and references therein). Therefore, the paired injuries can be assigned to cephalopod predators with some reservation. 3. Gravitational displacement of brachiopod shells certainly occurred on Aferdou El Mrakib, which is documented in massive debris deposits on the flanks and around the reef mound. In many cases, such displacements will have caused burial and thus death of the affected individuals. 4. Our favoured hypothesis for the majority of the often small injuries is thus that these two brachiopod species occurred in dense populations, where the shells hit (or rubbed against) each other even during moderate water movements, causing small shell fractures near the commissure. We thus investigated the distribution of the damages over the shell relative to the plane of symmetry.
Distribution of the injuries
In Devonogypa sp. and Ivdelinia pulchra, the injuries occur mostly in the ventral valves. The dorsal valves are apparently affected by these fractures less commonly, which can be explained by its flat shape and its much smaller surface. Therefore, only the fractures on the ventral valves were evaluated and counted.
As visible in the plate in Fig. 11 , the frequency of injuries in Ivdelinia is low in the central part, as well as on the parts farthest from the plane of symmetry (see also Fig. 13 ). Conversely, in the lateral parts, between 15 and 35°from the plane of symmetry, the frequency of injury is higher.
Concerning the appearance of the injuries in Ivdelinia, it is noticeable that some injury types appear only in pairs (types 3-5) and often symmetrically (Figs. 6, 11) . Furthermore, the shells often possess more than two injuries of different types.
In Devonogypa (Figs. 4, 12, 13 ), the distribution of injuries is similar. The abundance of injuries near the plane of symmetry is slightly lower than on the flanks. In Devonogypa specimens, different types of injuries also occur (Fig. 12) . They often lie in the zones between 15°and 35°f rom the plane of symmetry.
The distribution, which shows a differentiation between the central part and the flank between 15 and 35°, is probably due to the fact that the lower part of the shells (aperture) is more protected than in the Ivdelinia pulchra shells.
It is noteworthy that several representatives of both taxa show repeated malformations on both sides in several specimens (Figs. 11c, d, f, j, aa, 12d, f, m-o) . These point at a more or less continuous irritation of the mantle, which might have occurred in dense populations, where the shells rubbed against each other in gentle water movement (e.g., Fig. 12d, n) or, in the case of strong currents (storms, submarine slides etc.), they would have hit each other, thus breaking the shell and causing more serious injuries (e.g., Figs. 11h, 12e ). This is even more likely when one considers possible modes of life of these gypidulids. As gypidulids, these brachiopods belong to the Pentameridina, and according to Boucot (1975) , these lived typically within the photic zone. The pedicle was reduced since the pedicle foramen is closed. One possibility is that these brachiopods lay with the ventral valve (especially the umbonal side) facing downward on the sediment. The weight of the thick umbonal part of the ventral valve gave some stability to this position, somewhat comparable to the Jurassic bivalve Gryphaea (e.g., Hallam 1968) . Presuming this is true, the downward orientation of the ventral valve would explain, why the central part was less affected by injuries to some extent.
Remarkably, most of the specimens of the two brachiopod genera in our sample show small sublethal injuries. 158 injuries have been detected in 78 Devonogypa sp. specimens and 240 injuries in 94 Ivdelinia pulchra specimens. In 23 specimens of Devonogypa and in 16 specimens of Ivdelinia, no injuries were seen, either because the surface was corroded or because none were present. On average, each specimen carries more than two injuries (Table 2 ). This shows that the individuals of both genera were exposed to hazards (water movement, predation) to similar degrees and therefore support the hypothesis that they occupied similar habitats. In Ivdelinia and Devonogypa, the same types of injuries occur, additionally corroborating similarities in their palaeoecology. Common causes can, therefore, be assumed for both taxa, which may have varied from predators (Signor and Brett 1984) , to transport and contact with other shells, sediment particles, etc.
The fact that injuries are more abundant on the flanks than in the central 30°wide sector (almost twice as much per 10°in Devonogypa and still about 30 % more in Ivdelinia) supports the hypothesis that the sides of the shells hit each other in dense populations. Although not quantified, a strong variability in the shell length to width ratio is visible. This might also be a result of these dense populations. Ultimately, the great abundance of these brachiopods on the reef mound and its scarcity in the off-mound facies further corroborate this interpretation.
Conclusions
Ivdelinia pulchra and Devonogypa sp. are the most abundant and thus the most characteristic brachiopods on and in the Moroccan Aferdou El Mrakib reef mound. Stringocephalus sp. is similarly abundant in the shallow water limestone facies of Germany. These three genera have in common, that locally, their shells display a greenish colour. Our chemical analyses yielded differences in the mean values of the weight percentages of certain elements in the shells of these brachiopods. The concentrations of certain elements such as Fe and Mn increase from the surface to the inside of the shells. It is the Fe 2? -ions, which are responsible for the green colour. This element is associated with a reducing system (RED), probably related with a hydrothermal source, where Fe 2? had the possibility to bind with other ions, possibly within clay minerals, for example, of the illite or montmorillonite groups. Several solid salt inclusions have also been found, especially in the shell of Devonogypa, in the undetermined thin-shelled rhynchonellid, and in one of the Ivdelinia pulchra specimens. In addition, it showed that the colour is largely independent of the Fe 2? -concentration itself (as long as it is present) and is mainly determined by shell thickness, thus the limitation of the green colour to thick-shelled brachiopods. In future studies, the minerals responsible for the green colour could be determined.
Our analysis of non-lethal injuries showed that over two-thirds of the shells of both Devonogypa sp. and Ivdelinia pulchra have been damaged syn vivo. Although a few of the injuries might have been inflicted by rare vertebrate predators and some (paired holes) might have been caused by invertebrates (non-ammonoid cephalopods), we suggest that the majority was formed by rough contacts between brachiopod shells in dense populations of these two genera. Their mass occurrences were probably due to a hospitable environment characterised by more or less shallow water (photic zone), moderate water energy (which ensured the steady availability of enough nutrient and oxygen), normal salinity, and a habitat more or less protected from maximum water energy. The great abundance of injuries contributes also to the great intraspecific variability of both gypidulid taxa, since injuries inflicted early in ontogeny might have caused profound changes in adult shell morphology. In any case, we suggest that this variability is also a consequence of the great density of the populations. Intraspecific variability of these brachiopods still needs to be quantified. Whether these gypidulids behaved similar to or differently from other brachiopods in these respects could be the subject of future studies.
See Table 3 . 
